Summary Purpose: Based on the promising activity and tolerability of flavopiridol administered with a pharmacokinetically-derived dosing schedule in chronic lymphocytic leukemia (CLL), we conducted a phase I study using this schedule in patients with advanced solid tumors. Experimental Design: Flavopiridol was given IV as a 30-min loading dose followed by a 4-hr infusion weekly for 4 weeks repeated every 6 weeks. Dose-escalation was in cohorts of three patients using the standard 3+3 phase I study design. Blood samples were obtained for pharmacokinetic and pharmacodynamic studies. Results: Thirty-four eligible patients with advanced solid tumors received a total of 208 doses (median 7, range 1-24). Total doses ranged from 40 to 105 mg/m 2 . The primary dose limiting toxicity was cytokine release syndrome (CKRS). No antitumor responses were observed. The mean peak plasma concentration across all doses was 1.65±0.86 μM. Area under the concentration-versus-time curve (AUC 0À1 ) ranged from 4.31 to 32.2 μM⋅hr with an overall mean of 13.6± 7.0 μM⋅hr. Plasma flavopiridol concentrations and AUC increased proportionally with dose. There was no correlation between cytokine levels and clinical outcomes. Conclusions:
Introduction
Flavopiridol is a synthetic flavone pan-cyclin dependent kinase (CDK) inhibitor and has been shown to globally downregulate transcription by potently inhibiting formation of the CDK 9/cyclin T complex, a kinase that activates RNA polymerase II [1] [2] [3] . Flavopiridol downregulates the antiapoptotic proteins Mcl-1 and X-linked inactivator of apoptosis (XIAP), and it has also been shown to directly bind DNA which represents another possible mechanism for cytotoxicity [4] [5] [6] . In vitro and in vivo studies revealed single agent activity of flavopiridol in a variety of solid tumors [7] [8] [9] [10] [11] [12] . Moreover, sequence specific enhancement of chemotherapeutic effect was shown with various cytotoxic agents [13, 14] .
Phase I studies with flavopiridol have used different schedules of 1-, 24-, and 72-hour (hr) intravenous (IV) infusions [15] [16] [17] . Two phase I studies using a 72-hr infusion schedule were conducted in refractory solid tumors [18, 19] . Secretory diarrhea was the major dose-limiting toxicity (DLT), and a pro-inflammatory syndrome of fever, hypotension, fatigue and tumor pain was also observed in these studies. One patient with metastatic gastric cancer had a complete response and stayed disease-free for 48 months after stopping therapy [19] . Dose escalation in combination studies with taxanes using the 24-hr schedule of flavopiridol was limited by neutropenia and pulmonary toxicity [20] [21] [22] . Neutropenia was the main DLT in studies using the 1-hr infusion schedule [23, 24] .
With the promising pre-clinical activity of flavopiridol and evidence of significant differences in protein binding in humans compared to pre-clinical models, investigators at our institution performed a phase I study using a pharmacokinetically-based schedule of flavopiridol given IV as a 30-minute loading dose followed by a 4-hr infusion in patients with refractory chronic lymphocytic leukemia (CLL). The maximum-tolerated dose (MTD) was 30 mg/m 2 bolus followed by 50 mg/m 2 infusion. Target concentrations of 1.5 μM were achieved and maintained throughout the infusion using this schedule, and an impressive response rate was observed in this refractory patient population [25, 26] . A subsequent phase II study confirmed the approximately 50% response rate in refractory CLL patients [27] .
Based on the pre-clinical rationale and promising results of the PK-derived schedule in patients with refractory CLL, we performed a dose-escalation study of flavopiridol with a similar schedule in patients with advanced solid tumors with aims of identifying the MTD and studying the toxicity profile, pharmacokinetics and pharmacodynamics in this patient population.
Methods

Patients
Patients with histologically or cytologically confirmed solid tumors for which no curative treatment was available were eligible. Other eligibility criteria included age >18 years, measurable disease, Eastern Cooperative Oncology Group (ECOG) performance status of 0-1, adequate bone marrow, hepatic, and renal functions, and life expectancy of ≥6 months. Any number of prior therapies was allowed. Key exclusion criteria included uncontrolled brain metastasis 
Study design
Flavopiridol was administered through a central venous catheter as an IV loading dose over 30 min followed by a 4-hr infusion weekly for four consecutive weeks with a subsequent 2 week rest period. For the first dose, patients were admitted to the hospital the night before and were given IV hydration and urine alkalization for 10 hr preand post-treatment. Patients developing diarrhea during flavopiridol administration were given diarrhea prophylaxis for subsequent treatments. In the absence of cytokine release syndrome (CKRS) of grade 2 or greater severity during the first dose, subsequent doses of flavopiridol were given as an outpatient. Otherwise, doses were given as inpatient until no further symptoms of CKRS were observed. The standard phase I 3+3 design was followed for dose escalation and 3-6 patients were entered per dose level (Table 1) . No intra-patient dose escalation was allowed. After treatment of 14 patients, amendments were made to the protocol to allow use of dexamethasone (20 mg) either after the 4-hr infusion or as a prophylactic treatment before the bolus (from dose level 2B).
Supportive care guidelines included treatment of diarrhea with loperamide (2 mg po q2 hr up to maximum of 16 mg per 24 h), cholestyramine or colestipol if loperamide failed. Patients were closely monitored for symptoms of CKRS, including rigors, chills, fever (>101 0 F), profuse sweating, sinus tachycardia, hypotension, hypoxemia, dyspnea, confusion or disorientation. Patients who developed symptoms of CKRS were immediately treated with repeated doses of dexamethasone 20 mg IV until symptoms resolved or improved.
Objective response was assessed every 12 weeks using the Response Evaluation Criteria in Solid Tumors (RECIST) [28] . Adverse events (AEs) were graded according to the National Cancer Institute's Common Toxicity Criteria (version 3.0) [29] . Dose limiting toxicity (DLT) was originally defined as grade 3 or greater non-hematologic AEs (except grade 3 fatigue or diarrhea resolving in 4 days), grade 4 hematological AEs lasting for ≥7 days, and recurrent CKRS of grade 2 severity despite prophylactic steroids. After 20 patients were treated, the definition of DLT was amended to exclude grade 3 electrolyte abnormalities, isolated grade 3 elevation of uric acid, grade 3 or 4 liver function abnormalities that persist for ≤7 days, and grade 3 tumor lysis syndrome (TLS).
Pharmacokinetic studies
Venous blood samples drawn into heparinized tubes were obtained during the first dose immediately prior to, and at 0.5, 1, 3, 4, 5, 6, 8, 12, 24, and 48 h after start of infusion. Plasma samples were stored until analysis with a validated liquid chromatography/tandem mass spectrometry assay as described previously [26] . WinNonlin version 3.0 (Pharsight, Mountain View, CA) was used to generate non-compartmental PK parameter estimates from individual concentration-time profiles. Flavopiridol protein binding was measured in patient PK samples using an HTD 96 reusable micro-equilibrium dialysis device (HTDialysis, Gales Ferry, CT) as described in the Supplementary Data.
Pharmacodynamic studies
To characterize the immunomodulatory effects of flavopiridol, we obtained 30 mL of peripheral blood in heparinized tubes within 10 days prior to first dose of flavopiridol, immediately prior to the start of the bolus dose, and at 1 and 8 h after completion of the 4-hr infusion. Pre-dose and 1-hr post-infusion samples were also obtained on day 15 of cycle 1, days 1 and 15 of cycle 2, and within 4 weeks after the last dose of flavopiridol. Cytokine levels (IL-2, IL-4, IL-6, IL-10, TNF-α and IFNγ) in stored serum samples were determined by cytokine bead array (CBA, BD Biosciences, San Jose, CA) and enzyme linked immunosorbent assay (Pharmingen, San Diego, CA) following manufacturers recommendations.
Results
Between February 2006 and June 2009, a total of 34 patients with advanced solid tumors were enrolled and received treatment on the study at The Ohio State University. The predominant tumor sites were gastrointestinal (N=13), endocrine (N=6) and lung (N=5). Thirty-one patients (91%) had visceral involvement. Seventeen patients (50%) were heavily pretreated with four or more prior chemotherapy regimens. Patient demographics are outlined in Table 2 .
Treatment administered
Thirty four patients received a total of 208 doses of flavopiridol (median 7, range 1-24) at various dose levels as outlined in Table 1 . Patients came off study for the following: 18 patients for progressive disease (PD), 6 patients for grade 3 AEs [CKRS (n=4), AST/ALT (n=2)] and seven withdrew consent (one patient after 24 doses, five after eight doses, and one after two doses), two patients died (one died of complications from therapy and another died of PD), and one was removed from study at the discretion of the treating physician because of concerns of toxicity with potentially minimal benefit.
Dose limiting toxicity (DLT)
The dose escalation schedule and the DLTs per dose level are outlined in Table 1 . The MTD and the recommended phase II dose was established at dose level −1B with 20 mg/m 2 bolus flavopiridol followed by 20 mg/m 2 infusion for 4 h, given with prophylactic dexamethasone 20 mg IV immediately prior to the bolus infusion. A total of eight patients were treated at this dose level with two patients being non-evaluable for DLT as they did not complete the first cycle (one patient withdrew consent and another progressed). The major limiting factor to dose escalation and tolerability of flavopiridol in this patient population was CKRS. Onset of CKRS symptoms occurred approximately 4 h after completion of flavopiridol infusion, and symptoms usually improved quickly after treatment with dexamethasone and resolved within 6 h. The most common presenting symptoms of CKRS were sinus (Table 4 ).
Responses
Nine patients had stable disease (SD) and 17 patients had PD after completing two cycles of flavopiridol. Only two of the nine patients with SD after two cycles continued therapy. One patient received a total of 6 cycles (dose level 1) then withdrew because of toxicities (duration of response (DOR)-24 weeks). Another patient received a total of four cycles (dose level −1B) then developed progressive disease (DOR-15 weeks). Seven patients who had shown SD as response after two cycles discontinued therapy because of apparent lack of benefit (one patient showed progression 2 months after discontinuing flavopiridol (DOR-9 weeks) and received chemotherapy, five patients started alternate therapies immediately, one patient received no further therapy). The patient who developed tumor lysis syndrome after one dose received no further treatment and hence was not evaluable for response.
Pharmacokinetics
A total of 322 plasma concentrations from 34 patients were available for PK analysis. Figure 1 displays concentrationtime profiles for all patients and among cohorts. A summary of non-compartmental parameter estimates is presented in Table 5 . Area under the concentration-time curve (AUC 0À1 ) ranged from 4.31 to 32.2 μM⋅hr with an overall mean of 13.6±7.0 μM⋅hr. Dose proportionality was evaluated over the five doses ranging from 40 to 105 mg/m 2 . Analysis of variance indicated a significant increase in maximum observed plasma concentrations with C max ranging from 0.94 to 2.71 μM at the lowest (40 mg/m 2 ) and highest (105 mg/m 2 ) doses, respectively (p=.035). This trend is also evident for AUC across the dose ranges (p=.047) with respective mean AUCs of 7.9 The table lists mean values ± standard deviations. N number of patients in each group; k, elimination rate constant; T1/2 elimination half-life; Tmax time of observed maximum concentration; Cmax, maximum observed concentration; Conc0.5 observed concentration at the end of the bolus dose; C4.5 observed concentration at the end of the 4-hour infusion; AUC0-∞ observed area under the curve; Vz volume of distribution; CL clearance and 20.8 hrx⋅μM. To evaluate the role of protein binding in flavopiridol PK and outcomes, unbound drug levels were determined in all plasma samples collected in this study. Mean unbound flavopiridol, calculated for each patient by averaging all measurements between 0.5 and 8 h into treatment, ranged from 0.52% to 4.82% among patients. Baseline albumin levels were generally low in this patient population (mean 2.7, range 1.7-3.8 dg/L). No trend was apparent between unbound flavopiridol and baseline albumin, as indicated in supplementary Figure 1 . Additionally, protein binding was not correlated with non-compartmental PK parameters or observed maximum or end-of-infusion concentrations.
Pharmacokinetics vs. outcomes Previous reports have indicated an association between occurrence of CKRS (grade ≥1) and plasma flavopiridol AUC [25, 26, 30] . Non-compartmental PK parameter estimates were not significantly associated with CKRS in this study. However, when observed concentrations and AUCs were adjusted for protein binding, the anticipated associations were strengthened. Mean free flavopiridol plasma concentrations at the end of the 4-hour infusion were 20 ± 9 vs. 35± 26 nM in patients who did not experience CKRS (N=20) compared to those who experienced grade 1 or higher CKRS during cycle 1 when PK samples were collected (p=.084, two-tail Student's t-test). Mean free flavopiridol AUC was also higher in patients with CKRS compared to that in patients without observed CKRS during cycle 1 (215±103 vs. 318±220 h•nM, respectively), although this difference was not statistically significant (p=0.15). Figure 3 displays these relationships.
Pharmacodynamics
Measurement of serum cytokines was performed prior to and after flavopiridol infusion. IL-6 serum levels were found to be associated with flavopiridol infusion. Supplementary figure 2 shows the association of IL-6 serum levels as a function of time following infusion. There were no significant associations observed between IL-6 levels and PK parameters or development of CKRS. (Supplementary Figure 2) . The IL-6 levels did decrease in patients who received dexamethasone but this did not impact the incidence of CKRS (data not shown). No other cytokines were associated with flavopiridol infusion or with frequency of CKRS.
Discussion
Previous clinical studies using the 1-, 24-, and 72-hr infusion schedules were largely ineffective with limited activity observed in combination trials [31] [32] [33] [34] [35] [36] . A novel PK-directed schedule of single-agent flavopiridol in CLL demonstrated marked activity with a 40% partial response rate, median progression-free survival of 10-12 months among responders, and a DLT of TLS [25] . Furthermore, this dosing schedule was shown to maintain higher plasma drug concentrations which correlated with outcomes. This is the first report of this alternative schedule in patients with solid tumors. The MTD of this schedule in this patient population (20+20 mg/m 2 ) was lower than that reported in refractory CLL patients (30+50 mg/m 2 ), and the major DLT identified in this patient population was CKRS, which was observed in fourteen (41%) patients [25] . One Fig. 2 a and b . Relationships between total dose and flavopiridol PK. Proportional increases in the means of both Cmax (a) and AUC0-∞ (b) were observed in this study patient died from grade 5 CKRS at the 30+60 mg/m 2 dose level. The previous studies in CLL using this schedule demonstrated that increases in IL-6 levels correlate with CKRS, and that prophylactic administration of dexamethasone prevented both increases in IL-6 levels and severe CKRS [25, 26, 30] . In the current study, dexamethasone was administered to 12 patients prior to the bolus dose of flavopiridol to mitigate CKRS. Although dexamethasone decreased IL-6 levels within 4.5-8 h after flavopiridol infusion, this was not associated with decreased occurrence of CKRS. Additionally, CKRS and baseline and/or peak IL-6 levels were not correlated.
Pharmacokinetics for this schedule of flavopiridol was characterized for five dose levels in this study. Increasing doses resulted, on average, in proportional increases in C max and AUC, whereas nonlinear PK was reported in previous studies evaluating broad dose ranges with this dosing schedule and with a 72-hr continuous infusion [37, 38] . Another notable feature of the PK in the current study is the apparently lower C 0.5 compared to other studies utilizing the same 30 mg/m 2 bolus dose and schedule in chronic and acute leukemia which reported cohort mean C 0.5 concentrations between 1.6 and 2.5 μM [25, 37, 39] . Mean C 0.5 for the 26 patients receiving the 30 mg/m 2 loading dose in this study was 1.42 μM. We observed that the majority of patients on study had baseline albumin below normal levels with a median of 2.8 g/dL (range 1.7-3.8 g/dL), and we evaluated protein binding as a contributing factor to the apparently different PK of flavopiridol in this patient population compared to those previously reported. Protein binding was variable in these patients with an approximately 10-fold range from 0.5% to 5% mean unbound flavopiridol in plasma. Although no correlations between baseline albumin and PK parameters were apparent, we did note the association between PK and CKRS was strengthened when protein binding was taken into consideration. It is unclear at this point if this inter-subject variability in protein binding contributes to variability in outcomes.
The frequency and range of CKRS-like symptoms observed in this study are reported in Table 4 . Diaphoresis was the most consistent symptom noted, although hypotension and sinus tachycardia were other common symptoms. While grade 1-2 hypotension, tumor pain during the infusion, and a proinflammatory syndrome of fever, fatigue and anorexia have been reported in previous studies in solid tumors using both the 1-hr and 72-hr continuous infusions [19, 23] , the constellation of symptoms observed in our study may be unique to the bolus/infusion schedule. No correlations were established between cytokine levels and CKRS or other toxicities. Possible reasons for the lack of correlation may be that other type 1 or 2 cytokines were responsible or that the observed cluster of symptoms were related to factors other Fig. 3 Cytokine release vs. total and unbound flavopiridol. The relationship between cytokine release syndrome (CKRS) severity and total (a) or unbound (b) plasma flavopiridol at the end of the 4-hour infusion (C4.5 h) is displayed. Similar plots are displayed for AUC0-∞ calculated from total (c) or unbound (d) flavopiridol concentrations than cytokine release. Awareness and close surveillance for this side-effect is indeed very critical for future combination studies planned with this agent in this patient population.
The MTD and recommended phase 2 dose of 20 mg/m 2 bolus followed by 20 mg/m 2 infusion over 4 h, along with overall PK, AEs, and treatment tolerability were notably different in this patient population compared to those reported in patients with hematologic malignancies. The rationale for using this PK-derived schedule is based on the need to achieve and maintain active flavopiridol concentrations within the tumor. The observed lower plasma flavopiridol concentrations in this patient population imply drug concentrations that were required for single-agent activity in patients with CLL may not have been achieved within the solid tumors targeted in this study. Therefore, further development of single-agent flavopiridol with this PK-derived schedule in patients with advanced solid tumors will be challenging. No objective responses were observed in this study of heavily pretreated patients, which is consistent with previous reports of single-agent flavopiridol in advanced solid tumors. However, other reports indicate evidence of activity when flavopiridol is combined with chemotherapy, and therefore evaluation of the PK-derived schedule of flavopiridol combined with chemotherapy is warranted [21, 22, 32, 40, 41] .
